Background--Decreased arterial elasticity is a risk factor for several cardiovascular outcomes. Longitudinal data on the effect of physical activity in youth on adult arterial elasticity are limited. The aim of this study was to determine the long-term effects of physical activity in children and young adults on carotid artery elasticity after 21 years of follow-up.
C
entral arteries, such as the aorta and carotid, lose their elasticity with age. [1] [2] [3] Decreased arterial elasticity is a risk factor for several cardiovascular outcomes: hypertension, atherosclerosis, and coronary heart disease. 4 It has been shown in cross-sectional studies that high levels of habitual physical activity is associated with increased arterial elasticity, such as improved carotid artery compliance 5, 6 and reduced arterial stiffening in older adults. 6, 7 However, longitudinal data on the effect of physical activity in children and young adults on later vascular health are limited. Van de Laar et al have shown that lifetime vigorous, but not light-tomoderate, habitual physical activity is favorably associated with brachial and femoral artery compliance among 373 participants, aged 13 years at baseline, during 24 years of follow-up. 8 Chen et al have shown that a decrease in physical activity in males aged 14 years at baseline is associated with increased arterial stiffness after 3 years of follow-up. 9 We 10-12 and others [13] [14] [15] have previously shown in adults that habitual physical activity is related to increased insulin sensitivity, a more favorable lipid profile, decreased prevalence of the metabolic syndrome, and lower blood pressure and reduced risk for the development of hypertension.
All these characteristics may have a positive effect on arterial wall structure and function. [16] [17] [18] The purpose of this study was to examine the effect of physical activity in >2000 children and young adults on carotid artery elasticity measured 21 years later.
Material and Methods

Subjects
The Cardiovascular Risk in Young Finns Study is a prospective follow-up of atherosclerosis risk factors from youth. The first cross-sectional survey was conducted in 1980. The original sample size was 4320 children and adolescents aged 3, 6, 9, 12, 15, and 18 years. Of these, 3596 participated (83.2% of those invited) in 1980. Full details of the study design have been published. 19 The entire cohort was followed in 1983, 1986, 2001 , and 2007. Vascular ultrasound measurements were performed in 2001 and 2007. The sample for this analysis included those subjects who took part in the study in 1986 and in 2007 (N=2416). Due to missing data for some of the analysis covariates, such as serum lipids, the number of subjects varied between 1603 and 2416 in the analyses. Participants were aged 9 to 24 years at baseline and 30 to 45 years at follow-up. The 1986 study was chosen as baseline because this was the first year that physical activity was inquired using the same questionnaire for all participants. Clinical measurements and physical activity data collections were performed simultaneously for each follow-up, during winter months, to minimize seasonal variation. Participants gave written informed consent, and the study was approved by local ethics committees.
Physical Activity
Physical activity was assessed by using a self-administered questionnaire in 1986 and in 2007. 10, 20 The participants were asked to report their habitual leisure-time physical activity intensity, frequency, and duration. A metabolic equivalent (MET) index for leisure-time physical activity (later called "MET-index") was calculated from the product of intensity9frequency9duration (MET h/wk) for both study years. The coefficients for the intensity of physical activity were estimated from the existing tables. 21 One MET is the consumption of 1 kcal of a person per weight kilogram per hour in rest. The MET-index ranged between 0 and 52 MET h/wk in 1986 and between 0 and 93 MET h/wk in 2007.
The validation of the questionnaire is published previously. 10 In brief, we performed an experimental study including 45 adults (age range 23 to 55 years, 48% females). The participants filled in the questionnaire, and their physical activity was measured with accelerometers and pedometers for a period of 1 week. The MET-index and its components (ie, intensity, frequency, and duration of physical activity) correlated significantly with data assessed using accelerometers (r=0.26 to 0.40) and pedometers (r=0.30 to 0.39). These correlation coefficients were of similar magnitude to those demonstrated in other studies. 22 We also collected physical activity data in 2007 using validated pedometers in 1934 individuals from the entire study population. Participants wore an Omron Walking Style One (HJ-152R-E; Omron Healthcare Europe) pedometer for a period of 1 week. The correlation between the number of steps measured with pedometers and the amount of movement measured with ActiGraph accelerometers (GT1M) was r=0.97 (P<0.001, n=45).
Carotid Artery Ultrasound
The left common carotid artery was scanned by ultrasound technicians following a similar, standardized protocol in 5 study centers. 3 A high-resolution ultrasound imaging device (Sequoia 512; Acuson) with a 13-MHz linear-array transducer was used to assess arterial elasticity and intimamedia thickness (IMT). The image was focused on the posterior (far) wall, and gain settings were used to optimize image quality. Measurements were made offline from stored digital images. All ultrasound scans were analyzed by 1 reader blinded to the subjects' details. To assess carotid artery elasticity indices and IMT, the best-quality cardiac cycle was selected from a continuous 5-second image file. From this image, at least 4 measurements of the common carotid far wall were taken %10 mm proximal to the bifurcation to derive mean carotid IMT. The common carotid diameter was measured at least twice during end diastole and end systole. The means of the measurements were used as the end-diastolic and end-systolic diameters. The methods have been described in detail previously. 23, 24 Ultrasound and concomitant brachial blood pressure measurements were used to calculate the following indices of arterial elasticity: carotid artery distensibility (Cdist 
Statistical Methods
Sex difference in the variables was studied by using t test, nonparametric median test or v 2 test, as appropriate. Due to the discontinuity of the 1986 MET-index, it could not be normalized; therefore, it was categorized into tertiles that reflect meaningful differences in activity levels to ease the interpretation of the regression coefficients. 10 However, similar relations were obtained when the continued METindex was used in the regression models in place of the categorized index. The tertile cut-points were 3 MET h/wk and 12 MET h/wk-3 MET h/wk corresponds to moderateintensity physical activity for 60 minutes once a week, such as walking for 1 hour at the speed of 4 km/h, and 12 MET h/ wk corresponds to 4 h/wk of moderate intensity physical activity or 1 to 2 h/wk of vigorous physical activity (eg, running for 1.5 hour at the speed of 8 km/h). Males and females aged 9 to 15 years were analyzed separately because there was an interaction between sex and METindex tertiles when Cdist measured in 2007 (P=0.047) was the explanatory variable. In young adults, there was no sex9MET-index interaction (P=0.23), and, thus, males and females were analyzed combined. The association between 1986 MET-index tertiles and carotid artery elasticity indices and IMT were examined separately for children (aged 9 to 15 years) and young adults (aged 18 to 24 years) using multivariate regression analysis. were used to adjust the analyses. We calculated 6-year change in elasticity indices (DCdist, DYEM, and DSI). We also used mean arterial pressure, alcohol intake, pack-years of smoking, total energy intake, socioeconomic status, antihypertensive medication, lipid-lowering medication, insulin, and oral antidiabetic medication as covariates and covariates from 1986 only, but this did not change the results (data not shown). We also calculated the 21-year change in BMI, SBP, smoking, HDL cholesterol, LDL cholesterol, triglycerides, insulin, and glucose and used these as covariates, but this did not change the results (data not shown). Due to skewness of triglyceride and insulin levels, YEM and SI, a natural logarithm transformation was calculated. To illustrate the associations between MET-index tertiles and Cdist 2007 ( Figures 1 and 2 ), we calculated the adjusted means (SE) by using ANCOVA with Tukey-Kramer adjusted multiple comparison. We additionally explored the possibility of a nonlinear relation between vascular measurements and MET-index tertiles with multivariate models that included vascular measurement as the dependent variable and MET-index tertile, age, and higherorder MET-index tertile terms as independent variables but did not find consistent evidence to support nonlinear relations (data not shown). These analyses were performed separately for males and females among 9-to 15-year-olds and 18-to 24-year-olds.
As a secondary analysis, we used longitudinal mixed modeling. As the exposure variable, we used a continuous physical activity index that has been collected using with similar questions in 1980, 1983, and 1986 in all participants aged ≥9 years. This index correlates strongly (r%0.8) with the MET-index that was available from study year 1986 and was used in the primary analysis. The mean exposure to physical activity in childhood and early adulthood during in 1980, 1983, and 1986 was calculated for each participant aged ≥9 years. As the outcome variable, we modeled adulthood carotid artery elasticity measured at 2 time points in 2001 and 2007. The covariates included age, sex, serum lipids, BMI, and insulin measured at each follow-up, as well as physical activity index in adulthood.
Statistical analyses were made using the Statistical Analysis System software version 9.2, and statistical significance was inferred at a 2-tailed probability value <0.05.
Results
Participant Characteristics
Participant characteristics in 1986 and 2007 are shown in Table 1 for those aged 9 to 15 years at baseline and in Table  2 for those aged 18 to 24 years at baseline. Among those aged 9 to 15 years at baseline, males were physically more active than females in 1986 (P<0.0001) but not in 2007 (P=0.4). Among those aged 18 to 24 years at baseline, males and females were equally active in both study years (P=0.5 and P=0.4). With the exception of age in 1986 and 2007, BMI in 1986, HDL cholesterol in 1986, and insulin levels in 2007, the remaining variables differed significantly between males and females (Table 1 ). There was a significant sex difference among those aged 18 to 24 years for all variables except age in 1986 and 2007, LDL cholesterol in 1986, triglycerides in 1986, and insulin levels in 1986 and 2007 (Table 2) .
Association Between Physical Activity in Childhood and Adult Arterial Elasticity Measured 21 Years Later
Among 9-to 15-year-old males, physical activity was directly associated with adult Cdist (b=0.097 per tertile increase in MET-index, SE=0.038, P=0.010) and inversely with adult YEM (b=À0.060, SE=0.027, P=0.028) and SI (b=À0.062, SE=0.023, P=0.007). In multivariate analyses, physical activity remained a significant determinant of adult Cdist, YEM, and SI after adjustments for covariates (Table 3 ) (Figure 1 
Association Between Young Adult Physical Activity and Arterial Elasticity Measured 21 Years Later
Physical activity of young adults aged 18 to 24 years was directly associated with future Cdist (b=0.068, SE=0.027, P=0.014) and inversely with YEM (b=À0.057, SE=0.020, P=0.004) and SI (b=À0.050, SE=0.017, P=0.003). In multivariable analyses, physical activity in 1986 remained a significant determinant of Cdist, YEM, and SI 21 years later after adjustments for covariates (Table 4, Figure 2 
Association Between Physical Activity and Carotid Artery IMT Measured 21 Years Later
Among 9-to 15-year-old males, physical activity was not associated with adult IMT (b=0.0007 per tertile increase in MET-index, SE=0.006, P=0.9). The same was true among 9-to 15-year-old females and 18-to 24-year-old young adults (b=À0.007, SE=0.004, P=0.1, and b=0.004, SE=0.004, P=0.4, respectively).
Secondary Analyses Using Longitudinal Modeling
A general physical activity index available from participants aged ≥9 years from study years 1980, 1983, and 1986 was used as a exposure variable in longitudinal model with the adulthood carotid artery elasticity measured at 2 time points in 2001 and 2007 as the outcome variable. This index has normal a distribution with a mean of 9.0, SD of 1.6, and range from 5 to 14. In the longitudinal mixed model including data from all individuals between ages 9 and 24 years, 1-SD increase in the index was associated with 0.026-unit (%/10 mm Hg) increase in Cdist in the model adjusted for age, sex, serum lipids, BMI, and insulin measured at each follow-up, as well as physical activity index in adulthood (P=0.026). The effect was stronger in males (b=0.045, P=0.005) than in females (b=0.009, P=0.66), but no evidence for significant sex interaction was detected (interaction P=0.40). 
Discussion
We observed in this prospective, longitudinal study that physical activity in children and young adults is associated with increased carotid artery elasticity, a marker of arterial health, at age 30 to 45 years. This favorable effect was independent of several other cardiometabolic risk factors. Previous longitudinal studies on the association of physical activity and carotid artery elasticity are scarce. A study with 377 (196 females) participants aged 13 years at baseline The result remained similar when weight or height were separately used as a covariate in place of BMI. showed that lifetime vigorous, but not light-to-moderate, intensity habitual physical activity is favorably associated with future carotid artery elasticity measured with the SI. This association persisted after adjustment for sex, height, time spent in physical activities, alcohol consumption, smoking, and energy intake. 29 We did not find other publications of longitudinal studies on the association between physical activity and enhanced carotid artery elasticity.
In a cross-sectional study of 135 (67 females) healthy adults aged 20 to 40 years, sedentary individuals were characterized by reductions in arterial compliance relative to their endurance-trained peers, independent of changes in conventional risk factors for cardiovascular disease. 30 In another cross-sectional study of 102 (59 females) children aged 8 to 11 years, physical activity was associated with small, but not large, artery compliance. 31 There are several possible mechanisms that might explain the association of physical activity in children and young adults with enhanced carotid artery elasticity. In rats, physical activity increases the elastin content of the aortic wall and probably enhances arterial dilatation and distensibility. 32 Sugawara et al found that endurance training enhances carotid artery compliance in middle-aged and older adults and that the effect is mediated through reduction in aadrenergic receptor-mediated vascular tone (ie, sympathetic nervous system activity is reduced with endurance training). 33 Moreover, aerobic physical activity training enhances the release of nitric oxide via increased shear stress during or immediately after physical activity bouts. 34 It is also suggested that regular physical activity might delay the ageassociated reduction or fraction of elastic lamellae in the arterial wall. 35 After 3 months of aerobic exercise training, common carotid artery compliance was enhanced and corresponded with a reduction in plasma endothelin-1 concentration. 36 Endothelin-1 is the most potent vasoconstrictor peptide secreted by vascular endothelial cells 37 ; therefore, its reduction may be an important factor for vascular elasticity. The strengths of this study include a large number of participants followed for 21 years who have been well phenotyped using established methods since a young age. The study subjects have been closely followed with wellestablished methods since a young age to adulthood. A limitation is that we did not use applanation tonometry, a putative gold standard, to measure aortic pulse wave velocity as a marker of arterial elasticity. Alternatively, we used ultrasound to measure changes in carotid artery diameter during the cardiac cycle and we calculated elasticity indices (distensibility). This method is another commonly used measure of arterial elasticity, and it shows similar relations with cardiovascular risk markers as the pulse-wave velocity. 38, 39 A potential source of inaccuracy, however, in this method is that it uses peripheral blood pressure measurements in the calculation of distensibility. It would be ideal to study the pulse pressure from the artery in question, because the use of brachial pressures overestimates pulse pressure in central arteries. 40 However, the difference between central and peripheral pulse pressures is likely to be similar between study subjects within a narrow age range, as in our study. Moreover, Borow and Newburger demonstrated a strong correlation between SBP (r=0.98) and DBP (r=0.97) measured in central and peripheral arteries. 41 One limitation is that physical activity was measured using questionnaires and no objective measures, such as stepcounters, were available in childhood and early adulthood in the 1986 study. However, we have collected step data collected in adulthood in 2007 and have shown that we see similar highly significant correlations between questionnaire data and step data that have been reported in several other studies. 10 Additionally, we have demonstrated that physical
activity measured with our questionnaire shows significant relations between repeated measurements in childhood, adolescence, and early adulthood. Approximately half of the individuals classified as active or sedentary remained in the same category in a 6-year follow-up. 20 We have also recently
shown that a physically active lifestyle starts to develop early in childhood and that the stability of physical activity is moderate or high along the life-course from youth to adulthood over period of 30 years. 42 Therefore, the data suggest that the questionnaire method reasonably well characterizes the participants according to their long-term activity level. Although physical activity was related to arterial elasticity, we found no link between youth physical activity and adult carotid IMT, a structural marker of early atherosclerosis. We have previously observed an indirect association between physical activity and aortic IMT in adolescents participating in the Special Turku Coronary Risk Factor Intervention Project study. However, aortic IMT may be a more sensitive marker of early atherosclerosis than carotid IMT. 43 In adults, the majority of cross-sectional studies have reported inverse associations between physical inactivity and carotid IMT, but many studies have also failed to demonstrate this relation. For example, Kronenberg et al did not find an association between physical activity and carotid IMT in 1778 individuals participating the National Heart, Lung, and Blood Institute Family Heart Study. 44 Tanaka et al found no difference in carotid IMT between sedentary and endurance-trained subjects. 45 A review by Kadoglou et al suggested that a possible explanation for the differing results derives from the wide variability of study populations. The influence of physical activity on carotid IMT seems especially inconsistent among healthy subjects. 46 In our study, we did not find association in the younger age group of 9-to 15-year-old females between physical activity in childhood and adult carotid artery elasticity. Potential explanations may involve sex differences in the responsiveness to the exposure due to differences in physiology (eg, hormonal differences) and/or to the possible differences in the quality or quantity of the exposure dose, such as the amount of vigorous physical activity. For example, estrogen may protect arteries against atherogenesis. 47 In 2007, the females in the younger age group were 30 to 36 years old and the protective effect of estrogen may have masked a weaker effect associated with early physical activity exposure. Other explanation might be that there is a difference in quality of physical activity in 9-to 15-year-old males and females. Finally, we were unable to control for the effect of youth waist circumference because this measurement was not available from 1986. Beneficial effects of physical activity on arterial elasticity may be mediated by changes adiposity that could potentially be better captured by waist circumference measurements than by BMI. However, adjustment for adult waist circumference did not dilute the effect of youth physical activity on elasticity. Our data provide support for the potentially independent benefits of physical activity on future cardiovascular health. What our data add that is unique to previous work is that the potential benefit of physical activity to cardiovascular health may be maximized only if an individual is active from early life, extending even to childhood.
